Botulinum neurotoxins (BoNTs) are the most potent toxins ever known. BoNTs associate 13 with non-toxic proteins to form complexes of various sizes. Toxin production is highly 14 regulated through complex networks of regulatory systems involving an alternative sigma 15 factor, BotR, and at least 6 two-component systems (TCSs). TCSs allow bacteria to sense 16 environmental changes and to respond to various stimuli by regulating the expression of 17 specific genes at a transcriptional level. This review aims to highlight the role of TCSs as a 18 central point in the regulation of toxin production in C. botulinum. 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
I)
Introduction 35 However, the same strains show similar growth kinetics and patterns of botulinum locus gene 145 expression and BoNT accumulation in the extracellular medium in another study using 146 different culture media [32] . Moreover, BoNT/A release in the extracellular medium starts 147 concomitantly with the exponential growth phase as monitored by ELISA assay and lethality 148 test on mice suggesting that another process than autolysis is involved [32, 33] . Thus, the 149 release of BoNT/A in the extracellular medium may differ depending on experimental 150 procedure, growth medium and strains. 151 Interestingly, C2 toxin produced by type C and D strains, which is an additional toxin 152 distinct from the neurotoxin, is only produced during the sporulation phase. Conversely, no 153 direct link between BoNT synthesis and sporulation has been identified at least in C. 154 botulinum A and E.. [21, 32, 35] . However, A significant difference in antp expression was 155 observed between the two conditions. Thereby, a study performed in our laboratory showed It has been known for decades that nutrient availability and environmental stimuli play an 213 important role in toxin production in C. botulinum (Fig.3 ).
214
The source of nitrogen in culture media is critical for BoNT production. in culture media partially represses neurotoxin production in several C. botulinum type E 227 strains without modifying growth kinetics, but this effect seems to be strain dependent [47] .
228
Rapidly metabolizable sugars such as glucose are not absolutely required for neurotoxin 
238
Various environmental stimuli such as carbon dioxide, NaCl concentration, pH and 239 temperature have also been shown to regulate botulinum toxin production. CO 2 , which is 240 commonly used in food preservation, has a strong antimicrobial activity on aerobic bacteria 241 but is metabolized by numerous anaerobic bacteria and enhances toxin production in many CO 2 concentration from 10% to 70% leads to a more than 5-fold increase in BoNT/B 246 neurotoxin synthesis without any growth modification. In C. botulinum type E, the increased 247 CO 2 concentration (70%) also enhances toxin production despite a growth rate reduction [54].
248
Thus, in C. botulinum type E, toxin production seems to be linked to growth rate as it has 249 been described in stress situations in C. difficile [34] . 
299
The signal pathway is triggered by the SHK protein, which senses the stimuli by its N- and one-to-many or many-to-one interaction. However in most cases, the cross-talks have 337 only been described after important genetic modifications like overexpression of SHKs (see [81]). These data highlight the fact that TCSs should not be studied individually, but in 339 interaction with other TCSs and bacterial regulatory systems. Different techniques are available to investigate the regulatory pathway linked to a TCS.
378
One approach is to modulate an environmental signal already known to trigger the TCS of 3 TCSs is repressed at the same level as in the isogenic antisense strain repressed for botR/A. 413 But the production of BoNT/A and ANTPs is slightly lower than in the control strain, 414 indicating that these three TCSs may have a more important effect on toxin production than 
